Absorption or extinction measurements at wavelengths of 0.5145 and 10.6 Atm lead to determination of the mass concentration of carbonaceous smokes with an accuracy of -20%. The results do not depend on the details of the particle size distribution or on particulate to void ratio.
I. Introduction
Carbonaceous smokes are produced by a variety of combustion sources such as chimney stack furnaces, industrial flames, aircraft and rocket engines, all motor vehicles, and especially diesel engines. The soot formation results from incomplete combustion of fuels containing carbon. The carbonaceous particles contribute to local air pollution of densely populated urban and industrial areas as well as to global pollution. Even though their mass concentration is small compared with other atmospheric particles, carbon particles are highly absorbing at visible and IR wavelengths, and consequently they may affect the earth's climate.
For these reasons there is a need to measure and eventually routinely monitor the mass concentration of these pollutants released into the atmosphere. In this paper we propose a method based on the extinction or absorption measurement at two wavelengths to determine the mass concentration of carbonaceous smokes.
II. Index of Refraction
The extinction caused by soot particles depends on their number concentration, size, shape, and refractive index. Although the number concentration varies widely from a few particles/cm 3 to perhaps 106 particles/cm 3 of their formation. For example, particles produced in combustion of oil have a corallike structure with an overall spherical shape ( Fig. 1 ), whereas particles of coal origin consist of spheres within spheres (Fig. 2) . Consequently, if we model a soot particle by an effective homogeneous particle we cannot expect its effective refractive index to be equal to that of graphitic or amorphous carbon. But what refractive index should be used for particles that contain a significant volume fraction of void?
The principal method used to measure the refractive index of soot is based on reflectivity of soot compressed into pellets. The results reported by different investigators are not in good agreement. In general the refractive index depends upon the molecular structure, the hydrogen-to-carbon (H/C) ratio, and the ratio of a particulate phase in agglomerated soot particles. It has been recognized 5 that the effect of molecular structure is almost negligible. Dalzell and Sarafim 6 measured indices of refraction of acetylene soot with an H/C ratio equal to 0.068 and of propane soot with an H/C ratio of 0.217. Although the H/C ratio between the two measured kinds of soot varied by more than a factor of 3, they found no detectable difference between refractive indices at visible wavelengths. Differences were less than 7% from a common mean in IR around the wavelength of 4 um, and within about 20% from the mean value at 10 Azm. Consequently, we suspect that the strongest influence on the value of the refractive index of carbonaceous smokes is exercised by the volume fraction of a particulate phase of agglomerated soot particles.
To investigate the dependence of the refractive index of soot particles on the particulate fraction we need a prescription for a refractive index n of a soot as a function of an index of refraction n of a carbon and of the particulate volume fraction . The simplest and commonly used prescription for a refractive index 7 -9 n of a two-phase composite particle is work we adapt the approximation given by the set of Eqs.
(1). Later we discuss the effect of using a different rule. In the case of soot particles composed of carbon and voids, we obtain where mc = nc -ikc is the refractive index of pure carbon, and m =ns -ik 8 is the refractive index of a soot particle with particulate fraction s. 
III. Extinction and Absorption in the Visible Region
Fig. 2. Soot particle from a coal-fired power plant.
where m 1 = n -ik, and m 2 = n2-ik 2 are refractive indices of the individual components and k is a volume fraction of the component having refractive index ml. It seems that the relation (1) is a purely empirical relationship with no derivation given in the published literature.
A slightly modified version of the same empirical rule combines the real parts and the ratio of imaginary to real part of refractive indices 1 0 according to
A similar empirical rule has been proposed for the dielectric constant = m 2 instead of the refractive index n. Thus,
Using the above specified optical constants we have calculated the specific extinction and absorption (extinction and absorption per unit mass) of carbonaceous smokes assuming a surface log-normal distribution of soot particles, with standard deviation ag equal to 1.5, 2.0, and 2.5, and the mean geometric radius rg in the 10-3 -10-pm region. The results for ag = 2.0 and various values of 0 at the argon laser wavelength X = 0.5145 ,um are shown in Fig. 3 . Other frequently used refractive-index mixing rules are the Maxwell-Garnettl approximation, the effective medium approximation,1 2 and the Lorentz-Lorenz rule,1 3 to name a few.
The accuracy and regions of applicability of listed approximations and empirical rules are not well established. Only the first two of the approximations consider complex values of refractive indices. For our As stated before,1 4 most soot particles have radii smaller than 0.15 gim. If we require that not more than 5% of the total volume of particle size distribution may be attributed to particles with radii larger than 0.15, gim Thus, for almost all practical cases of carbonaceous smokes we take rg < 0.05 gim.
We notice (Fig. 3) that the specific extinction and specific absorption in the range of rg • 0.05 gim is not a very sensitive function of X, the fraction of particulate phase in soot particles. With 0 varying between 25 and 100% the specific extinction and absorption vary only by a factor of 2. Although numerical results are shown only for the standard deviation ag = 2.0, the same is true for ag = 1.5 and 2.5, which covers the whole range of size distribution of interest.
From the above it follows that from the extinction or absorption measurement at some visible or near IR wavelength (index of refraction of carbon remains essentially the same within the 0.40 gim < X < 1.10-gim region) the mass concentration of carbonaceous smokes can be determined within a factor of 2. We show later that the accuracy can be substantially improved by combining extinction and/or absorption measurement in visible with extinction and/or absorption measurement in the IR region around X = 10 gim.
We notice (Fig. 4) that the specific absorption for a range of rg < 0.05 gum can be accurately approximated by a linear function of particulate volume fraction 0.
We write (8) 
2M = A -Bo,
where A = 12.5 and B = 6.9 for 0.1 < 0 < 1.0.
Similarly, the specific extinction can be approximated (although with not so good accuracy) by of carbon particles (4 = 1.0) valid for particles with radius S0.11 gim. Although they were able to explain the measured absorption and extinction in the visible part of the spectrum, the same approach fails completely when applied to IR measurements. On the other hand, the method suggested in the present paper is consistent with measurements in the visible and IR regions. We notice that the specific extinction and/or absorption changes by a factor of 30 (compared with a factor of 2 at visible wavelengths) with the change of the particulate volume function between 4 = 25 and 100%. Consequently, the absorption or extinction measurement in the IR region is not a convenient way to determine the mass concentration, since the fraction is generally unknown.
Specific extinction or absorption at the wavelength X = 10.6 gim can be well approximated by
where C = 491, D = 1.98, and 0.2 < 0 < 1.0. Since at X = 10.6 gim the extinction is dominated by absorption, the same relation is valid for specific absorption. (8) and (10) we obtain 
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Values of 0 for a given vETkEsxT are given in Table II. The mass concentration is then is more accurate than the one for TEisT/M [Eq. (9)], the absorption measurement leads to more accurate results.
Also, one could use Eqs. (8) and (9) to determine 4 from the oABSS/ExT ratio. However, since both AXBLs and vis sol ayn ) e fTEXT are only a slowly varying function of , such determination of 0 would be very inaccurate and useless for practical purposes.
VI. Effect of Nonsphericity
Although the photograph of a soot particle (Fig. 1 ) shows basically spherical character, it is necessary to assume that in many cases of interest the carbonaceous smoke particles will be nonspherical. In this case the Mie scattering formulation cannot be used, and the question arises whether the proposed method of determination of the mass concentration still remains valid.
To determine at least the direction of an error caused by nonsphericity on the mass determination, we have. calculated extinction in the visible and IR regions of nonspherical particles described by the equation
where T 2 is the second-order Chebyshev polynomial. (Figs. 7 and 8) were obtained using the extended boundary condition method.' 6 In the visible region there is a very little difference between the extinction of a sphere and the extinction of considered randomly oriented nonspherical particles of the same volume. On the other hand, at the 10.6-gm wavelength we observe differences up to 20% between a sphere and randomly oriented nonspherical particles of the same volume. We notice that both the Tj and T-particles show a systematically higher extinction than an equal volume sphere. Since the particles are strongly absorbing, and since their projected area is always larger than that of spheres of equal volume,' 7 we suggest that the higher extinction will be a general feature of all nonspherical particles regardless of their shape. If this is so, the nonsphericity of smoke particles will lead to a systematic underestimate of the mass concentration as given by Eqs. (12) and (14).
VII. Comparison with Measurements
To verify the validity of the proposed method for the determination of the mass concentration of carbonaceous smokes we used the extinction and mass measurements of Roessler and Faxvog' 0 on acetylene smoke.
Unfortunately, their measurements of visible and IR extinction were not made simultaneously on the same aerosol. We therefore picked from their data the visible and IR measurements that correspond to nearly the same measured mass content and used our relation (14) to determine the mass concentration M. The particulate volume fraction was determined from the cTE/0JRXT using Table II. The results summarized in  Table III show agreement of calculated and measured mass concentration to within 18%. Since both extinction and the experimentally measured mass concentration are determined with 110% accuracy, we conclude that the mass concentration calculated using Eq. We conclude that the measurement of extinction or absorption at two different wavelengths leads to a reasonably accurate (we estimate the accuracy to be better than ±20%) determination of the mass concentration of carbonaceous smokes, regardless of the particle size distribution (as long as rg • 0.05 gm and 1.5 ' ag < 2. 5) and regardless of the particulate fraction 0 of soot particles. Since such measurements are relatively simple, we believe that the proposed method may serve as a basis for routine measurements and monitoring of mass concentration of carbonaceous smokes. 
